Background: Neoadjuvant therapy has been investigated for localized and locally advanced pancreatic ductal adenocarcinoma (PDAC) but no standard of care exists. Combination cetuximab/gemcitabine/radiotherapy demonstrates encouraging preclinical activity in PDAC. We investigated cetuximab with twice-weekly gemcitabine and intensity-modulated radiotherapy (IMRT) as neoadjuvant therapy in patients with localized or locally advanced PDAC.
disease results in long-term survival of ∼20% with patients dying to both local and metastatic recurrence [2] . Improved outcomes for patients with PDAC will depend on earlier detection, increased rate of complete resection, and reduced rates of both local and distant relapse.
The dismal survival seen in patients with locally advanced pancreas cancer has led to numerous neoadjuvant trials that have met with variable efficacy and toxicity. No standard approach yet exists. However, theoretical advantages of a neoadjuvant approach include (i) delivery of full dose treatment unimpeded by surgery and its recovery, (ii) ability to objectify tumor response to newer therapies, and (iii) downstaging of tumor to allow for a potentially curative surgical resection.
Gemcitabine has been shown in vitro to be a potent radiosensitizer [3] . Radiosensitization occurs at noncytotoxic concentrations and correlates with extent and duration of dATP depletion. We have previously established the maximum tolerated dose of twice-weekly gemcitabine as 50 mg/m 2 when given concurrently with external beam radiotherapy in patients with PDAC [4] . This dosing is tolerable and effective and can allow for downstaging and complete surgical resection in some patients [4, 5] .
The epidermal growth factor receptor (EGFR) is a member of the erb-B receptor tyrosine kinase family [6] . The EGFR signal transduction network plays an important role in multiple tumorigenic processes [6, 7] . EGFR is overexpressed in 30%-89% of PDACs and is associated with increased tumor size, advanced clinical stage, and decreased survival [8] [9] [10] [11] . Cetuximab is a monoclonal antibody which blocks ligand binding to EGFR and stimulates EGFR internalization, effectively removing the receptor from cell surface interactions [12] . Cetuximab inhibits growth and metastasis of human PDAC, an effect potentiated by concomitant administration of gemcitabine [13, 14] .
Evidence indicates that the EGFR-tyrosine kinase plays an important role in determining cellular response to ionizing radiation by activation of downstream signal transduction pathways. Cetuximab treatment of murine ovarian carcinoma cells transfected with human EGFR reverses cellular radioresistance [15] . Experiments with PDAC xenografts show enhanced inhibition of tumor cell growth with the addition of cetuximab to gemcitabine/radiotherapy [16] . It is not known, however, whether cetuximab therapy can improve outcome in PDAC in the context of neoadjuvant chemoradiotherapy.
We evaluated the combination of weekly cetuximab, twiceweekly gemcitabine, and intensity-modulated radiotherapy (IMRT) in patients with PDAC. We hypothesized that this would result in enhanced antitumor activity and acceptable toxicity. Primary end point was objective response rate by RECIST criteria. Secondary end points included toxicity assessment, post-treatment resectability, pattern of failure, and survival. Tumor was assessed for EGFR status by immunohistochemistry. Both EGFR(+) and EGFR(−) subjects were eligible for protocol, since it was not known, a priori, whether EGFR levels which were undetectable by immunostaining could still drive tumor progression and responsiveness to cetuximab. Formalin-fixed paraffinembedded tissue sections were pretreated with Citra reagent and incubated with a 1:10 dilution of EGFR antisera supplied by Novocastra (Leica Microsystems Buffalo Grove, Illinois). Antigen was subsequently localized with standard avidinbiotin complex immunoperoxidase techniques. Positive cases were graded by pathologist as 1+, 2+, or 3+ depending on the intensity of staining. Additionally, pretreatment tumor tissue was tested for KRAS mutation analysis where sufficient sample existed. This was carried out by a series of allelic discrimination assays using real-time PCR.
patients and methods

treatment
A cetuximab load (400 mg/m 2 ) was given i.v. over 2 h, 6-8 days before starting radiotherapy and gemcitabine. This was followed by weekly infusions (250 mg/m 2 ) over 1 h for six additional doses. Gemcitabine (50 mg/m 2 ) was administered as a 30-min i.v. infusion on a twice-weekly schedule (Mon/Thurs or Tue/Fri) for 12 doses. Chemotherapy dosing was based on actual body surface area. Gemcitabine was held on days when radiation was not delivered. Diphenhydramine (50 mg i.v.) was given before cetuximab. Premedication was otherwise at physician discretion. GI prophylaxis with a proton pump inhibitor was administered throughout radiation therapy and for an additional month thereafter. Radiation was delivered using IMRT. Prescription dose was defined at the minimum dose to the primary planning target volume. Gross tumor volume (GTV) was defined by the physician as all known disease including imaging proven nodal disease. The primary planning target volume (PTV1) included the GTV with 2-to 3-cm margins in all directions as well as potential nodal involvement. Secondary planning target volume (PTV2) included the GTV with 1-to 1.5-cm margins on all sides including proven nodal involvement. Tertiary planning treatment volume (PTV3) included the area of the GTV adjacent to the vascular structures specifically the mesenteric and portal vessels with a 0.5-cm margin. The prescription dose delivered to PTV3 was 54 Gy in 28 fractions. Synchronously, PTV1 and PTV2 received 45 and 50.4 Gy, respectively. All fields were treated daily at five fractions per week. Quality assurance was verified with Matrixx, Chamber, and daily orthogonal films.
Patients were evaluated weekly while on treatment. Adverse events were graded according to NCI-CTCAE Version 3.0. Cetuximab was discontinued for grade 3 or 4 infusion reactions and held for any other grade 3 or 4 toxic effects. Gemcitabine was held for grade 3-4 nonhematologic toxicity, for absolute neutrophil count < 1.0 × 10 9 /l , or platelets <50 x 10 9 /l. Radiation was held at the discretion of the Radiation Oncologist for grade 3 or higher toxicity. Treatment resumed when toxicity resolved to grade 2 or less.
One month following therapy, patients were restaged with CT scan of chest/abdomen/pelvis. Response assessment was carried out by RECIST 1.0 criteria [18] . Patients deemed to be candidates for surgical resection were offered laparotomy ∼6 to 10 weeks after completion of neoadjuvant therapy. Those who underwent resection were also treated with intraoperative radiation therapy (IORT), as was the standard practice at our institution. IORT was delivered with energy of 300 KV out of a fluence rate of 10 mA. The delivered dose was 10 Gy to the target in a single fraction, prescribed to the surface.
pathological evaluation
Surgical specimens were evaluated according to a standardized College of American Pathologists pancreas (exocrine) protocol based on the American Joint Committee on Cancer/ International Union against Cancer TNM classification, Sixth Edition. The bile duct, pancreatic neck, and SMA margins were inked by the surgeon ex vivo and sent to pathology. Pancreatic neck and bile duct margins were evaluated en face. SMA margin was cut perpendicular to the inked surface and examined with radial sections. Representative sections of gastric and duodenal margins were also submitted. Residual tumor was serially sectioned and submitted in its entirety for microscopic analysis. Additionally, surgical specimens were graded for percentage of tumor kill according to Evans et al. [19] .
No adjuvant therapy was given following resection. Following therapy, patients were seen every 3 months for 2 years and then every 6 months for a total of 5 years. Restaging CT scans of chest/abdomen/pelvis were carried out every 6 months. For patients with relapse or progression following therapy, treatment was at physician discretion.
statistical analysis
Initial enrollment was planned for 48 patients, with 24 EGFR (+) and 24 EGFR(−) cases. With a total sample size of 24 patients, the 95% confidence interval for the response rate would have a half width no greater than ±20%. The actual half width was dependent on observed response rate. Exact methods based on binomial distribution were used to compute the 95% confidence interval for the response rate. Toxic events were summarized according to type and grade. This was done for all patients receiving any treatment. Survival curves were estimated using the product-limit method. Table 1 . The relatively low percentage of EGFR(−) tumors coupled with the observation of little difference in response or toxicity between the two groups led us to halt accrual after enrollment of 24 assessable EGFR(+) cases. Three patients (8%) were removed from trial and replaced after experiencing infusion reactions to the loading dose of cetuximab. None of these was life threatening. One patient died on therapy as described below. Overall, 33 patients (89%) were assessable for response. Of these patients, 4 (12%) presented with resectable tumor, 23 (70%) with borderline resectable tumor, and 6 (18%) with unresectable tumor.
dosing and toxicity
Of 33 patients assessable for response, all received full-dose radiotherapy and mean of 6.3 doses of cetuximab (range 5-7) and 10.5 doses of gemcitabine (range 6-12). All 37 patients were assessable for toxicity. Grade 3 and higher toxic effects are shown in Table 2 . The most commonly encountered toxic effects were cytopenias, nausea/vomiting, and cholangitis due to biliary stent occlusion. Sixteen patients (43%) were hospitalized while on therapy. Two patients experienced acute cerebrovascular accidents (CVA), each at the time of admission for cholangitis due to biliary stent occlusion. This was a fatal event in one patient, aged 81 years. Autopsy revealed severe atherosclerotic disease and evidence of acute and remote CVAs. Additionally, portal vein thromboses were a late event in four patients who underwent pancreaticoduodenectomy at a mean of 21 months post-surgery (range 5-35 months). These were treated with portal vein recanalization. Figure 1 . Ten patients (30%) met RECIST criteria for partial response. Twenty patients (61%) had stable disease, with most of these manifesting a measurable degree of tumor shrinkage. Three patients (9%) had evidence of progressive disease in the liver with stable disease in the pancreas. Figure 2 illustrates CT images in two patients with response to treatment. Response rate was 33% for EGFR(−) tumors (3/9 patients) and 29% for EGFR(+) tumors (7/24 patients) (P = 1.0). Pretreatment tumor biopsy specimens were analyzed for KRAS mutations. Sufficient tissue was present in 26 of the assessable patients. Eighteen of these (69%) exhibited mutations at codon 12 or 13. Response rates for KRAS mutated and wild-type tumors were 33% and 13%, respectively (P = 0.37).
surgical resection and pathological evaluation
Of the 33 patients who completed therapy on trial, 26 (79%) were judged candidates for surgical resection. One refused surgery and 25 patients were taken to laparotomy. Pancreaticoduodenectomy was carried out in 22 patients and distal pancreatectomy in the remaining three. This included 4/4 patients presenting with resectable tumor, 18/23 previously borderline tumors, and 3/6 previously unresectable tumors. Margin-negative resections were achieved in 23 patients (92%). One patient had a microscopic positive vascular groove margin, and the second had microscopic disease at proximal pancreatic and SMA margins. Tumor specimens yielded pronounced treatment effect, with grade IIa (destruction of 10%-50% of tumor cells) or higher effect in all specimens. Six specimens (24%) had grade III (<10% viable tumor cells) or IV (no viable tumor cells), including two specimens (8%) with confirmed pathological complete response. outcome See Figure 3 . Intent-to-treat analysis yielded a median survival of 17.3 months. Median survival was 24.3 months for patients who underwent surgical resection versus 10.0 months for those who did not. Survival did not vary by EGFR status. Twenty-six patients died from recurrent/progressive PDAC, two patients from pneumonia/sepsis, one from traumatic subdural bleed (not therapy related), and one from CVA as described. Of the patients who underwent resection (n = 25), 2 experienced local recurrence only (8%), 1 local and distant recurrence (4%), and 17 (68%) distant disease recurrence. At 48-month median follow-up, seven patients were alive and four without evidence of disease. Of the seven, two presented with resectable and five with borderline tumor Two patients remained disease free >5 years from enrollment. One each presented with resectable and borderline disease.
discussion
Our study demonstrates that gemcitabine and radiotherapy can be successfully combined with an EGFR inhibitor and result in a significant antitumor effect in patients with PDAC. Despite a high percentage of patients presenting with locally advanced disease, most were subsequently able to undergo complete resection of tumor. It is interesting to note that radiographic response was highly predictive of subsequent surgical resection but that many patients who manifested minor responses were also able to undergo surgery. This most often reflected sufficient shrinkage of disease to render a radiographic (and surgical) margin between tumor and vasculature. As such, posttreatment resectability of the tumor by CT criteria is probably a more important end point clinically than is response by RECIST criteria.
As preclinical data suggest, the combination of EGFR inhibition with gemcitabine and radiotherapy may act synergistically to overcome mechanisms of resistance in these tumor cells in vivo. Particularly intriguing is the grade III-IV tumor kill seen in one-quarter of resected specimens. Pathological complete response is the ultimate goal of neoadjuvant therapy and has been associated with improved survival in both esophageal and rectal cancer [20, 21] . Whether this survival benefit will be observed in pancreatic cancer remains to be seen but is a critical area of inquiry.
Tumor EGFR overexpression did not seem to affect response to therapy or survival in our trial. Several potential explanations exist for this apparent lack of correlation between EGFR levels and response. PDACs frequently express relatively high levels of the EGFR-related receptors (ErbB-2/HER2 and ErbB-3/HER3) as well as EGF and related ligands. [22] . As a consequence of receptor heterodimerization with HER2 and/or HER3, it is conceivable that even low levels of EGFR confer a growth advantage to pancreatic cancer cells. Most PDACs [23] , may also lead to increased pathway activation, which renders the cancer sensitive to therapy. Subjects experienced frequent but manageable toxicity on our protocol. Neutropenia and thrombocytopenia were common but reversible in most cases. Biliary stent obstructions with resulting cholangitis were the most common cause of admission and treatment delay. This could be partially abrogated in the future by the routine use of metal stents, which have been shown to have a lower risk of obstruction compared with plastic stents [24] . Patients tolerated surgery without any pattern of worsened postoperative difficulties, although prominent peritumoral scarring/fibrosis were noted in some patients, which made resection more technically challenging. Importantly, no postoperative deaths occurred. Median survival of patients undergoing resection exceeded 24 months despite a cohort largely composed of locally advanced tumors. This compares favorably with single institution data on resectable disease patients who underwent surgery followed by adjuvant therapy [25, 26] .
There is a rapidly growing body of data that supports a neoadjuvant approach in the management of PDAC. A retrospective review from Duke University showed that neoadjuvant chemoradiotherapy did not increase morbidity or mortality of subsequent pancreaticoduodenectomy and was associated with a marked reduction in risk of pancreatic duct leak [27] . Japanese data on resection from 68 patients treated with neoadjuvant chemoradiotherapy yielded an increased rate of clear surgical margins and decreased the rate of lymph node positivity, resulting in improved survival compared with surgery alone [28] . We have previously published evidence that neoadjuvant therapy significantly reduces local relapse rates when compared with 'standard' adjuvant treatment [29] . Recent meta-analysis of >100 trials of neoadjuvant therapy in PDAC revealed that approximately one-third of patients presenting with locally advanced disease can undergo successful resection following neoadjuvant therapy with survival rates equivalent to those presenting with localized disease [30] . EGFR inhibition has been advocated as a method to enhance the therapeutic index of gemcitabine and radiotherapy in PDAC [31] . Both cetuximab and erlotinib increase the efficacy of gemcitabine/radiotherapy in human pancreatic cancer cell lines, supporting the integration of EGFR inhibitors into clinical trials [32] . EGFR inhibitors administered with gemcitabine/radiotherapy inhibit phosphorylation of EGFR in a time-dependent fashion and result in reduction of pAKT (S473) , a pro-survival molecule downstream of EGFR. The addition of EGFR inhibition in mouse models did not result in increased weight loss in study subjects, suggesting that antitumor efficacy was increased without additional toxicity to normal tissue.
Our study suffers limitations common to single institutional trials, namely small patient numbers and selection bias. Our cohort of subjects is too small to adequately assess the effect of tumor EGFR and KRAS status on outcome. Most patients who underwent resection subsequently relapsed with metastatic disease, underlying the ongoing need for more active systemic agents in this disease. Promising results with FOLFIRINOX in metastatic pancreatic cancer suggest that incorporating this regimen into a combined modality approach might improve relapse rates [33] . The activity of this neoadjuvant regimen and the high rate of resection following therapy lend credence to preclinical models suggesting benefit for EGFR inhibition in combination with gemcitabine/radiotherapy. For patients presenting with nonmetastatic PDAC, our regimen exhibits substantial activity with the possibility of downsizing/downstaging of tumor to allow for subsequent complete resection in some patients with locally advanced disease. The high rate of margin-negative resection and encouraging median survival suggest that a larger trial of this regimen is warranted.
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